Integrins are transmembrane molecules that facilitate cell-to-cell and cell-to-extracellular matrix (ECM) interactions. Integrin molecules are heterodimers that consist of α-and β-subunits. The integrin β1 gene is widely expressed in vivo and is the major β molecule in many tissues; however, tissue-specific roles of integrin β1 are still elusive. In this study, we investigated integrin β1 function in endothelial cells of zebrafish. An integrin β1b mutant zebrafish exhibited morphological abnormalities in blood vessel formation, cephalic hemorrhage and a decreased responsiveness to tactile stimulation during development. To determine the role of integrin β1b in vascular formation, we developed a Gal4/UAS-mediated conditional inactivation of integrin β1 by expressing the cytoplasmic region of integrin β1 that acts as a dominant-negative (DN) isoform. Expression of integrin β1
| INTRODUCTION
The integrin superfamily represents one of the cell adhesion molecule families that form focal adhesions. Identified integrin genes and predicted orthologues are widely distributed in eukaryotic genomes, not only in Metazoa, but also in Apusozoa (Sebé-Pedrós, Roger, Lang, King, & Ruiz-Trilloa, 2010) . Integrin proteins are single transmembrane molecules that function as heterodimers consisting of α-and β-subunits. In humans, 18 α-and eight β-subunits have been identified and 24 types of heterodimers have been reported (Takada, Ye, & Simon, 2007) . These integrin heterodimers act as cell adhesion molecules that bind to transmembrane proteins or extracellular matrixes (ECMs) and play roles in the regulation of cytoplasmic kinases, cytoskeleton remodeling and transcription factors; these roles contribute to cell migration, survival, polarity, proliferation and differentiation (Giancotti & Ruoslahti, 1999; Harburger & Calderwood, 2009) . Specific combination of α-and β-subunits accordingly contributes to each biological event in development, morphogenesis or homeostasis (Bökel & Brown, 2002; Brown, Gregory, & Martin-Bermudo, 2000; Elbediwy et al., 2016) . Disruption of integrin functions causes loose adhesion to ECM that results in epidermal, gastrointestinal, cardiovascular and infectious
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Genes to Cells IIDA et al. diseases (Winograd-Katz, Fässler, Geiger, & Legate, 2014) . A better understanding and control of these functions in vivo may offer valuable targets for drug discovery and health promotion.
Integrin β1 forms heterodimers with 12 types of α-subunits in humans and is the most major β-subunit. Intriguingly, 11 of these 12 α-subunits selectively bind to integrin β1 but not to the other β-subunits (Takada et al., 2007) . Indeed, integrin β1 plays important roles in various biological pathways and is expressed in multiple organs, including the heart, vascular system, muscle and the gut in mice (Diez-Roux et al., 2011) . As β1-including integrin is essential for inner cell mass formation in blastocyst stage, integrin β1 knockout mice die during early embryogenesis (Stephens et al., 1995) . Previous studies have applied Cre-mediated cell-specific gene targeting and found that endothelial cell-specific integrin β1 knockout mice exhibit prenatal defects in angiogenesis, but not in vasculogenesis (Carlson, Hu, Braren, Kim, & Wang, 2008; Lei et al., 2008; Tanjore, Zeisberg, Gerami-Naini, & Kalluri, 2008) . Another group investigated tamoxifen-induced postnatal inactivation of integrin β1 and revealed that endothelial cell-specific integrin β1 knockout mice showed hemorrhage because of a rupture of blood vessel at postnatal development (Yamamoto et al., 2015) . These studies using knockout mice indicated that integrin β1 in endothelial cells is required for building and retaining a closed blood-vascular system. However, spatial and temporal analyses of blood vessel failure have not been thoroughly explored in mammals. Thus, in this study, we developed a live imaging system using zebrafish to assay the requirement for integrin β1 in the formation and maintenance of a closed blood circulatory system. Zebrafish represent one of the most versatile vertebrate models and are particularly useful for live-cell imaging because of their external fertilization, rapid development and transparency during embryogenesis (Kimmel, Ballard, Kimmel, Ullmann, & Schilling, 1995) . Due to an ancestral whole-genome duplication (Woods et al., 2000) , zebrafish have four integrin β1 orthologous genes, β1a, β1b, β1b.1 and β1b.2 (Mould et al., 2006; Wang, Li, & Liu, 2014) . These paralogous genes are expressed in multiple organs including the heart, myotome and epithelium during development (Wang et al., 2014) . Another study also indicated integrin β1b expression in the axial vessels and heart tube, and conferred its cardiovascular functions assayed by antisense morpholinomediated knockdown (Wu et al., 2015) . However, further functional analysis of integrin β1 using knockout animals or cell type-specific modification in zebrafish has not been explored. Thus, in this study, we report the phenotypic analysis of the integrin β1b mutant zebrafish, and show the tissue-specific inhibition of integrin β1 function by expressing a dominant-negative form of integrin β1 and the Gal4-UAS gene expression system (Asakawa et al., 2008) . Consequently, we conclude that inhibition of integrin activity in endothelial cells results in a reduction in the diameter of the vascular tube and cephalic hemorrhage during zebrafish development.
| RESULTS

| Phenotypic analysis of the integrin β1b zebrafish mutant
We confirmed integrin β1b expression pattern by a wholemount in situ hybridization analysis and showed that integrin β1b transcript is expressed in the whole embryo, including an intermediate cellular mass (ICM) , where vasculature is generated, and the dorsal midline junction in the head (Supporting Information Figure S1 ), in accordance with previous reports (Wang et al., 2014; Wu et al., 2015) . To investigate the functions of integrin β1b in embryogenesis, we obtained and observed an integrin β1b mi371 mutant ( Figure 1a ). The integrin β1b (−/−) embryo showed a shorter body in rostralcaudal axis without apparent change in the somite number in the trunk region. The tail region was also shrunk in mutant embryos compared to wild-type and heterozygous embryos at 26 hpf ( Figure 1b) . The mutant embryo also exhibited a lack of a coiling movement following tactile stimulation at 30 hpf (Supporting Information Figure S2 and Movie S1).
The mutant fish exhibited a heart edema from approximately 3 dpf and dead at around 1 week post-fertilization (data not shown). Semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) indicated that the expression of integrin β1b was reduced to approximately 4% of wild-type siblings ( Figure 1c ). As there were no alternative variant forms of integrin β1b transcript, we examined whether the other integrin β1 genes were upregulated in mutants. The transcript level of integrin β1a was grossly reduced in the integrin β1b (−/−) fish. However, the other paralogous genes were comparable among the genotypes (Figure 1d ). To explore the functions of integrin β1b in blood vessel formation, an endothelial transgenic line Tg(fli1a:EGFP) y1 was crossed with the integrin β1b mutant line, and the crossbred animals were generated. Some defects in cardiovascular development were observed at 1 dpf. Closer fluorescence observation showed that the diameters of the dorsal aorta (DA) and posterior cardinal vein (PCV) in integrin β1b (−/−) mutants were significantly smaller than those in (+/+) or (+/−) siblings at 30 hpf (Figure 2a-c) . Furthermore, the dorsal elongation of the intersegmental vessels (ISVs) was delayed in the integrin β1b (−/−) mutant (Figure 2a) . The ISV elongation from the DA normalized by the body height in the integrin β1b (−/−) mutant was significantly smaller than those in (+/+) or (+/−) embryo at 30 hpf (Figure 2d ,e). The filopodia formation in the tip cells of the ISV was grossly reduced in the integrin β1b (−/−) mutant (Figure 2f ). Both the sprouting number and projection length in the mutant embryo were | Genes to Cells
significantly smaller than those in the other genotypes ( Figure  2g ,h, see also Supporting Information Figure S3a ). Heart formation was morphologically comparable in all genotypes; however, the heart rate in the mutant was significantly lower than those in the other genotypes ( Figure 2i and Movie S2).
At 2 dpf, the vessel diameters of DA and PCV, and ISV elongation in the mutant eventually caught up with that in the wild type (Figure 3a,b) . The dorsal longitudinal anastomotic vessel (DLAV) failed to form a plexus, and the parachordal lymphangioblasts (PLs) were absent in the mutant ( Figure  3b) . A cephalic hemorrhage was observed in the integrin β1b (−/−) fish at 50 hpf (Figure 3c ). The hemoglobin labeling using o-dianisidine showed a cephalic accumulation of erythrocytes out of blood vessels in approximately 90% of integrin β1b (−/−) mutants (Figure 3d ,e). This specific hemorrhage phenotype was restricted to the head. The leakage of circulating blood cells to the extravascular cavum resulted in no erythrocytes circulating in the body trunk (Figures 3c,d and 7b ). Confocal microscopy and angiography showed extracellular erythrocytes and plasma leakage in the integrin β1b (−/−) zebrafish at 50 hpf. Furthermore, in the integrin β1b (−/−) fish, the presence of the metencephalic artery (MtA) was undetected and the central artery (CtA) was absent (Figure 3f,g ). The MtA was detectable in all of the integrin β1b (+/−) embryos (n = 4) but not in the integrin β1b (−/−) embryos (n = 3). These results indicate that integrin β1b is required for the development of the vascular network and/or its stability in the cephalic region.
| Generation of a dominant-negative integrin transgenic zebrafish
To address integrin functions in endothelial cells, we generated a transgenic zebrafish for tissue-specific integrin inhibition. The cytoplasmic domain of integrin β1 acts as a dominant-negative (DN) form, which binds to intracellular cytoskeleton-associated proteins, such as talin or actinin, competing with endogenous integrin β1 protein(s). However, the DN molecule does not interfere directly with extracellular interactions including ECM proteins and the other integrin ligands (Retta et al., 1998) . We cloned a partial cDNA fragment corresponding to a cytoplasmic region of zebrafish integrin β1a as a DN probe for use in this study. show an angiography using fluorescent ink that was injected into the heart. White arrowheads indicate the fluorescent ink outside the GFP-positive vasculature, specifying extravascular effusions. White arrowheads indicate a central artery (CtA). The sample numbers, n = 4 (+/−) and n = 3 (−/−). Scale bars, 100 µm. Chi-squared test was used for statistical analyses. n.s.: not significant, **p < 0.01
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The amino acid sequence was highly conserved among the zebrafish paralogues and integrin β1 orthologues in other animals (Supporting Information Figure S4 ). We generated two transgenic zebrafish lines that express a membrane mCherrytagged cytoplasmic domain of integrin β1 or control membrane mCherry under the control of upstream activating sequence (UAS) promoter (Figure 4a,b) . To validate the function of the DN molecule in zebrafish embryo, the DN line was crossed with a Gal4 driver line SAGFF(LF)73A. SAGFF(LF)73A ubiquitously expresses Gal4 in developmental stages; thus, the UAS-driven fluorescent proteins were visualized in the whole embryo of the crossbred fish (Figure 4c ). The fluorescence intensity of the DN-fused mCherry was lower than that of the intact mCherry. The DN-based ubiquitous integrin β1 inhibition embryo mimicked the phenotypes of the integrin β1b (−/−) mutant, except the touch response defect and the decrease in PCV diameter (Supporting Information Figures   S3b and S5) . To determine the function of integrin β1 in endothelial cells, the DN line was crossed with an endothelial cell-specific Gal4 driver line Tg(fli1a:GAL4FF) ubs4 . The crossbred fish was named as endothelial cell-DN (eDN) in this study. The fluorescent signal for the DN-fused mCherry appeared like a mosaic pattern, and the intensity was lower than that of the control mCherry (Figure 4d ). For high-sensitivity detection of the endothelial expression of the eDN or control molecules, the mCherry fluorescence and signals by anti-RFP labeling were observed by a confocal microscopy. Fluorescent signals corresponding to the eDN molecule were F I G U R E 6 Cardiovascular defects in the endothelial cell-specific integrin inhibition fish at 2 dpf. mosaic especially in ISVs; however, we could detect anti-RFP signals at a low level in almost all ISVs that express a UAS-driven GFP signal (Supporting Information Figure S6 ). The whole-body morphology displayed no apparent changes between the eDN and control fish at 26 hpf. The touch response and coiling movement were also similar between eDN and control fish at 30 hpf.
| Cardiovascular defects because of the endothelial cell-specific integrin inhibition
To validate the effects of integrin β1 inhibition in endothelial cells, cardiovascular development was observed at 1 and 2 dpf. Observation of blood vessels indicated that the eDN fish exhibit significantly smaller DA diameters than the control fish at 30 hpf (Figure 5a-c) . Remarkably, this phenotype was observed in DA but not in PCV. The delay in ISV elongation observed in the mutant fish was not recapitulated in the eDN fish (Figure 5a,d,e) . The filopodia number in the eDN fish was significantly smaller than that in the control fish. However, the projection length exhibited no significant difference between the eDN and control fish (Figure 5f -h, see also Supporting Information Figure S3c ). The heartbeat rate was also unaffected in eDN (Figure 5i ). The failure in PL elongation that was seen in the mutant fish was not observed. However, the DLAV in the eDN fish formed an incomplete plexus than that in the control fish (Figure 6a,b) . Furthermore, a cephalic hemorrhage, which was observed in the integrin β1b mutant fish, also occurred in eDN fish at 50 hpf (Figure 6c ). Using high-sensitivity hemoglobin staining, we confirmed that approximately 90% of eDN fish display a hemorrhage before 50 hpf (Figure 6d,e) . Confocal microscopy analysis and angiography also indicated extravascular erythrocytes and plasma leakage in eDN fish at 50 hpf. Furthermore, in eDN fish, the presence of the metencephalic artery (MtA) was undetected and the central artery (CtA) was lacking, similar to the integrin β1b mutant (Figure 6f,g ). The MtA was detectable in all of the control embryos (n = 5) and quarter of the eDN embryos (n = 8). These results indicate that inhibition of integrin β1 activity in endothelial cells results in defective blood vessel formation and cephalic hemorrhage.
| Live imaging of the hemorrhage onset
To further determine the timing of the hemorrhage onset, we collected fluorescent time-lapse images of live eDN fish from 30 to 48 hpf. As blood circulation begins approximately at 28 hpf and gradually increases blood pressure that raises the risk of blood vessel rupture, we set the starting point of our time-lapse analysis to 30 hpf (Iida et al., 2010 localized to a certain region or related to the timing of the formation of cephalic vessels (Figure 7a ).
| DISCUSSION
This study investigated endothelial cell-specific roles of integrin β1 in zebrafish, and showed the importance of integrin β1 for the cephalic vasculature. We carried out a phenotypic analysis of the integrin β1b mutant zebrafish. The integrin β1b mutant had a frame shift mutation and premature stop codon, which reduced the expression level presumably by nonsense-mediated mRNA decay (Brogna & Wen, 2009; Fish, Di Sanza, & Neerman-Arbez, 2014) . Our data also suggest that integrin β1b regulates the expression of integrin β1a directly or indirectly. The mutant fish exhibited failure in the vascular diameters and ISV elongation, without affecting earlier morphogenesis. Conversely, integrin β1 knockout mice exhibited peri-implantation lethality (Stephens et al., 1995) . In zebrafish, four integrin β1 orthologous genes including integrin β1b are present in the genome (Wang et al., 2014) . The expression level of integrin β1a was significantly reduced in the mutant embryo. This suggests that cell signaling involving integrin β1b regulates the integrin β1a expression. Besides, integrin β1.2 exhibited low expression and its translated product has been predicted to be a truncated protein lacking a transmembrane motif and cytoplasmic domain. However, integrin β1b.1, which appears to encode an intact integrin β1 protein, was strongly expressed in the mutant embryo, suggesting that gene redundancy or subfunctionalization may potentially contribute to the milder phenotype of the integrin β1b mutant zebrafish, when compared to that of integrin β1 knockout mice. We further found cephalic hemorrhage in integrin β1b mutant fish and eDN fish. Thus, integrin β1b plays spatial-and temporal-specific roles in the development of trunk and cephalic vessels. In the integrin β1b mutant zebrafish, we observed unique alterations in phenotypic features, such as compromised touch response, developmental delay in ISV elongation, reduction in filopodia number, lack of PLs, thin PCV and impaired heart beating, which were not exhibited by the endothelial cell-specific inhibition fish. These defects might be attributable to the lack of integrin β1b, which is expressed by cells other than fli1a-positive endothelial cells. Alternatively, we suggest another possibility that the expression of the fli1a:Gal4FF-driven dominant-negative integrin β1 was not sufficient to interfere with the function of endogenous integrin β1. Indeed, the mCherry fluorescence and anti-RFP signals in eDN embryo were weaker than those in the control embryo. This difference might be caused not only by Gal4 sensitivity of the DN fish but also by a DN-mCherry fusion protein conformation and/or degradation speed. Furthermore, we do not exclude the possibility that integrin β1 inhibition affects fli1a:Gal4FF activity and causes mosaic and weak expression of DN signals. Furthermore, a previous study indicated that fluid shear stress affects vascular diameter in zebrafish development; thus, the phenotypic differences in the vascular diameters, following vessel development, might be caused by impaired heartbeat (Baeyens et al., 2015) . However, similar phenotypes, such as decrease in vascular tube diameter and cephalic hemorrhage, have been reported by morpholino-based knockdown assay for integrin β1b in zebrafish (Wu et al., 2015) . These results suggest that integrin β1b is involved in blood vessel development and that full or partial integrin β1b function could be elucidated using the mutant and transgenic line generated in this study.
Gal4-UAS-mediated tissue-specific integrin β1 inhibition resulted in vasculature defects and cephalic hemorrhage in zebrafish embryos. The arterial diameter in eDN fish was significantly less reduced than that in control fish. A previous study has indicated that remarkable defects in vasculature formation are not observed in endothelial cell-specific integrin β1 knockout mice (Tanjore et al., 2008) . However, the conditional knockout mice exhibited smaller sized embryos compared to wild-type siblings; thus, vascular lumen size of integrin-deficient animals should be validated carefully in future studies. Integrin β1 contributes to the polarity of endothelial cells and the formation of the arteriolar lumen via Par3, and Par3 mediates transduction via VEGF signaling in collaboration with aPKC-mediated phosphorylation in endothelial cells (Nakayama et al., 2013; Zovein et al., 2010) . To further understand integrin β1 function in zebrafish, we should validate these intercellular signaling pathways using the integrin β1b mutant or the integrin β1 dominant-negative line.
We also observed hemorrhage in the endothelial cell-specific integrin β1 inhibition zebrafish. Our time-lapse study showed that hemorrhage initiates at the onset of 30 hpf, shortly after blood circulation begins. We propose that a reduction in integrin signaling results in compromised integrity of the vascular wall, leading to the breakdown of the vascular tubes, which incidentally occurs because of the increase in blood pressure (Lampugnani, Resnati, Dejana, & Marchisio, 1991; Murakami & Simons, 2009) . Another open question remains: why does the hemorrhage occur only in the head and not in the body trunk? One possibility is that the closed vascular pathway in the trunk is established before the onset of blood circulation (~28 hpf), whereas cephalic vessels develop and are remodeled in parallel with the circulation (Fujita et al., 2011; Isogai, Horiguchi, & Weinstein, 2001) . Integrin β1 might play a critical role in the strength of the vascular wall during cephalic angiogenesis and remodeling. However, it would not exclude the possibility that integrin β1 plays different functions in the vasculature of cephalic vessels from those in the trunk. It is also unclear what represents a direct trigger for these integrin β1-regulated phenotypes. Integrin is involved not only in adhesion but also in | Genes to Cells
migration, differentiation, survival and polarity. Studies on the tissue-specific integrin-mediated regulation might offer new insights into understanding the formation and maintenance of the vasculature network in vertebrates.
A previous study using endothelial cell-specific integrin β1 knockout mice indicated that integrin β1 is required for blood vessel stability and VE-cadherin localization in endothelial cells (Yamamoto et al., 2015) . Another study indicated that focal adhesion molecules, vinculin and pFAK are not changed in the integrin β1b morphant zebrafish (Wu et al., 2015) . Integrin heterodimer(s) bind not only to other transmembrane proteins in neighboring cells but also to the ECM. A previous study has indeed reported that fibronectin is involved in cephalic angiogenesis (Astrof & Hynes, 2009) . Future studies need to assess the roles of the α-subunit(s) that bind to integrin β1 in these phenotypes. The integrin β1b mutant and the dominant-negative strain are convenient tools to deepen and clarify these points using zebrafish model.
In this study, we showed that Gal4-UAS-mediated dominant-negative integrin β1 fish are useful for investigating the formation of the vascular system and that the specific inhibition of endothelial cells mimics part of the phenotype in the integrin β1b mutant. Our study indicated a requirement of endothelial cell-autonomous integrin β1 activity for regulation of the vascular diameters and cephalic vessel development. These transgenic fish can be used in further studies to investigate integrin β1 function in various tissues.
| EXPERIMENTAL PROCEDURES
| Animal experiments
All experimental protocols were carried out in accordance with and approved by the Ethics Review Board for Animal Experiments at Kyoto University (approval number: J-13-15-2). The minimum number of live animals was killed under anesthesia according to institutional guidelines.
| Fish strains and husbandry
The Riken-Mic strain was used for molecular cloning, gene expression analysis and the generation of transgenic fish. The integrin β1b mutant strain (allele mi371) and the Gal4 driver strain SAGFF(LF)73A were provided by the National BioResource Project Zebrafish (NBRP; https://shigen.nig.ac.jp/zebra/ index_en.html). The mutant strain was obtained by a N-ethyl-N-nitrosourea mutagenesis screen. The single nucleotide deletion was determined by sequencing using a following primer: 5ʹ-TTTGGCAATGGTACCCTGGAGTGT-3ʹ. The transgenic strains Tg(fli1a:EGFP) y1 , Tg(fli1a:GAL4FF) ubs4 used in the assay have been previously published (Lawson & Weinstein, 2002; Zygmunt et al., 2011) . The Tg(gata1:GFP) ko111 line was generated based on a previous publication (Takeuchi et al., 2010) . To generate integrin dominant-negative (DN) strains, plasmids for the Gal4-UAS system (pT2MUASMCS) were provided by Dr. Koichi Kawakami. The DNA fragment for the integrin DN peptide was synthesized by a commercial supplier (FASMAC Inc., Atsugi-city, Japan). The Tol2-mediated transgenic method has been previously described (Asakawa et al., 2008 . Adult fish were maintained at 27°C under a 14:10-hr light/dark cycle. Embryos were cultured in 0.006% sea salt with methylene blue. Hatched embryo was fed paramecia from 5 to 14 days post-fertilization (dpf), after which juvenile fish were fed live brine shrimp larvae and a powder diet.
| Whole-mount in situ hybridization
For whole-mount in situ hybridization, the cDNA for each probe was cloned into pTA2 (Toyobo, Osaka, Japan) using the following forward and reverse primers: integrin β1b, 5ʹ-GCTGTGATGAAATCGAGGCTCTGG-3ʹ and 5ʹ-GCATTTCCCGTCATTAGGAAGCAC-3ʹ. RNA probes were synthesized using T3 or T7 RNA polymerase (Roche Diagnostics, Indianapolis, IN, USA) and RNA labeling mix (Roche). In situ hybridization was carried out as in a previous study (Kawahara et al., 2009 ).
| Microscopic observation
For stereomicroscopy, samples were placed on 1.0% agar in petri dishes and images were captured using a Leica M205C microscope (Wetzlar, Germany). For time-lapse imaging, dechorionated embryos were embedded in 0.5% low-melting-temperature agarose and anesthetized with 0.01% tricaine. The images were captured every 5 min using a Leica MZ16FA microscope. For confocal microscopy, samples were placed in glass-bottom dishes and images were acquired using a Leica TCS-SP8 confocal microscope. The vascular diameters were measured at a point corresponding to the center of the yolk tail.
| Sample collection
For the mutant samples, the genotypes were determined by sequencing after the experiments. The transgene-expressing samples were selected by marker fluorescence before manipulation or observation.
| Reverse transcription (RT)-PCR
Total RNA was extracted from 24-hpf embryos using the RNeasy Mini kit (Qiagen, Valencia, CA, USA) and reverse-transcribed using SuperScript III reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). PCR was carried out using KOD-FX (Toyobo) under the following conditions: 100 s at 94°C, followed by 30 cycles of 20 s at 94°C, 20 s at 60°C and 120 s at 72°C; and 150 s at 72°C. Primer sequences are listed in Table 1 .
| Hemoglobin staining
Mature erythrocyte staining with o-dianisidine was carried out as described in a previous study (Detrich et al., 1995) .
| Angiography
Stationery ink (PILOT spotliter, purple) was used as a fluorescent marker, as described previously (Takase et al., 2013) . The ink diluted with water was injected into the heart using a FemtoJet microinjector (Eppendorf, Hamburg, Germany) at 29 hr post-fertilization (hpf). After incubation for 1 hr, its flow was monitored under the stereomicroscope.
| Immunohistochemistry
Fish were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight at 4°C. Fixed samples were permeabilized with 0.5% Triton X-100 in PBS at room temperature for 30 min and then treated with Blocking One solution (Nacalai Tesque, Kyoto, Japan) at room temperature for 1 hr. Samples were labeled with primary antibodies: rabbit anti-ey-globin (a gift from Dr. T. Atsumi, RIKEN; Wako, Japan) and rabbit anti-RFP (Rockland Immunochemicals, Boyertown, PA, USA, Cat#: 600-401-379), at a 1:500 dilution in Blocking One solution overnight at 4°C. The blots were then incubated with Alexa Fluor 647-conjugated anti-mouse IgG (Life Technologies, Carlsbad, CA, USA) at a 1:500 dilution in 0.1% Tween-20 in PBS with DAPI (Sigma-Aldrich) at 4°C overnight (Miwa, Atsumi, Imai, & Ikawa, 1991) .
